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ABSTRACT

This thesis, a new phase-locked loop system with the controllable output phase,
independent from the output frequency, and lock-up time is presented. This phase-locked loop
system has a dual control loop of VCO which perform to be an inner loop. The purpose of inner
loop is to improve the performance of VCO such as faster speed response as well as higher
operation bandwidth, to minimize the effect of VCO noise disturbance, and the power supply
variation. The main loop of this phase-locked loop system has a two input signal, one is the
reference frequency input to be used for set-up the output frequency of system and another input
signal is the control input represented by a voltage signal in order to control the output phase and
lock-up time. The controller of inner loop and main loop is designed by mean of the modulus
optimum and symmetrical optimum. The experimental result show that the new phase-locked
loop system can controls the output phase, independent from the output frequency, and lock-up

time as well as the frequency stability of VCO are greatly improved.
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A New Phase-Locked Loop System with the Controllable Output Phase
and Lock-up Time

Vichupong Vibunjarone and Yothin Prempraneerach

Faculty of Engineering and Research Center for Communication and Information Technology
King Mongkut’s Institute of Technology Ladkrabang, Bangkok, Thailand 10520
(Tel + 66-2-737-3000, E-mail:ef_aa@hotmail.com)

Abstract: This paper, we propose a new phase-locked loop (PLL) system with the controllable output phase, independent from the
output frequency, and lock-up time. This PLL system has a dual control loop is described, the inner loop greatly improved VCO
characteristic such as faster speed response as well as higher operation bandwidth, to minimize the effect of the VCO noise and the
power supply variation and also get better linearity of VCO output. The main loop is the heart of this PLL which greatly improved
the output frequency instability due to the external high frequency noise coupling to the input reference frequency also the main loop
can control the output phase, independent from the output frequency, and reduce the lock-up time of the step frequency response. The

experimental results confirm the validity of the proposed strategy.

Keyword: Phase locked loop, Dual-loop feedback VCO, Pl-controller, Frequency stability, Controllable the output phase, Reduce

the lock-up time

1. INTRODUCTION

The voltage-controlled oscillators (VCO) are widely used
in such application as phase-locked loops (PLLs), FM
modulator, frequency synthesizers, timing recovery, and many
others. The characteristic of the VCO are generally the most
important in determining the overall system performance of
the PLLs. Most of the researches about VCO is the attempt to
improve the temperature stability of the VCO’s frequency at
high frequency [1-4]. The VCO phase noise in the PLL is not
attenuated by the small bandwidth loop in the range of interest
[5]. Thus, it is usually necessary to resort to an off-chip, high
Q VCO. This results in higher power consumption, large size
and more importantly, greater interference problems.

One technique to solve these problems is to use a closed-
loop voltage-to-frequency converter architectures [6, 7). This
architecture can achieves a wide bandwidth for good VCO
phase noise suppression. The another consideration on the
PLL’s characteristic is the lock-up performance which is one
of the most important target items in designing PLLs. In a
digital PLL, it is difficult to control the frequency and phase
independently, which make it difficult to improve lock-up
performance. A new PLL system with controllable the output
phase and lock-up time is introduced here.

This PLL system has a dual control loop in which the inner
loop is the VCO regulation system which composed of PI
controller and phase-locked loop acted as the feedback part in
order to convert the VCO output to be a voltage signal. The P1
controller of inner loop is designed for optimum output
response [8] of VCO and minimizing VCO noise disturbances
and the power supply variation. In otherwise the inner loop is
used to improve the characteristics of VCO, especially the
nonlinearity at high frequency. The main loop is the heart of
this PLL system, it has a two inputs signal, one is the
reference frequency (Fref) input to be used for set-up the
output frequency of the VCO. This input has the high noise
immunity resulting from limited bandwidth of a low pass filter
(LPF,) to the external noise coupling at high frequency. The
another input signal of this PLL system is the control input
represented by a voltage signal in order to control the phase of
the VCO output independently from the frequency output as
well as reduction of the lock-up time of the system response.
The PI controller of the main loop is designed for the optimum
loop response [8] as well as minimizing the lock-up time. The

validness of this PLL system is confirmed by experimental
results.

2. DUAL-LOOP FEEDBACK
CONFIGURATION OF VCO

The inner closed-loop VCO circuit is shown in Fig.1. An
ordinary VCO is configured in a feedback loop which has a
phase-locked loop acted as the feedback element for providing
a voltage output of LPF that is proportional to the input
frequency. The used phase-locked loop as the feedback
element instead of a frequency-to-voltage converter (FVC) for
some advantages of no need a large frequency division
element (1/N) in the feedback part. In case FVC is used as the
feedback element the output of VCO must be divided down to
an intermediate frequency where a FVC could be easily
designed. The another advantage when feedback by PLL, the
wide bandwidth of closed-loop VCO is possible designed.

P24 ————- |
|IVCO Noise (vd) |
Input | | Output
Voltage | N I Frequency
8 ¢! bt veot } e
Controller | i
vi e s e s J
Comp * LPF1 H—] PFD1
> vCco2

Fig.1 Shows the dual-loop feedback
configuration of VCO.

In case the closed-loop VCO is feedback by PLL, the
voltage output of LPF is passed through a compensator to be a
feedback voltage (Vf), this voltage is subtracted from a
forward part input voltage and the error signal is subjected to
the Pl-controller which is designed for close-loop VCO by
mean of the symmetrical optimum [8] to minimizes the effect
of VCO noise disturbance and to get the optimum output
response.

From Fig.1, we can transform each element to be a transfer
function in the frequency domain as shown in Fig. 2.
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Fig.2 S-domain block diagram of the
closed-loop VCO.

Where Kg is the VCO conversion constant in Hz/Volt, and K,
is the conversion gain of the PFD in volt/radian.

Fig.2 shows S-domain block diagram of the closed-loop VCO
which has a PLL in the feedback part. A first we can simplify
the block diagram of the loop no.Il (PLL) to be an open-loop
transfer function (F,,(s)) and a closed-loop transfer function

(F,o(s)) respectively.

KiKoy (1+5s77)

s (1+s73) M

Foals)=

From Eq. (1), the closed-loop transfer function is found as
follow,

1457
Fipls) = e oB) ~ @)
14 5&aKy o +1) sTh
(K4Ks2) (KaKp2)

From Eq. (2), we can reduce its order to be a equivalent
transfer function (F,,'(s)) in the case of K,K,, > T)

(1+sT})

(+5Ty) o

FcZ'(S) =

where

_ (KK +1)
==
(KdKoz)

Since the block diagram of Fig. 2 can be simplified as shown
in Fig. 3 in order to use for designing the Pl-controller of this
loop.

vn o AR(STR) Vo J 2 ?O
> s » » 3 >
w
F*cas)
= e hsTi
TosTa TsT4

Fig.3 Shows the simplified block diagram of the
close-loop VCO.
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From Fig. 3, we can find the open-loop transfer function
(F1(s)) and close-loop transfer function (F.(s)) as follow;

Ag(l1+5T7,) ﬁ !

sT, T (1+sTy) @

Fos) =

where we let T; equal to T).
From Eq. (4), the close-loop transfer function is found as
follow;

- ARKU](!-'-ST;‘I)
A.’(’K()] + SARKann ki 527;1 i+ S:’Tnn

£y (s) (5)

Ap(1+5T,)
K

From Eq. (5), the Pl-controller can be designed

n
by symmetrical optimum method [8], the parameter of
controller can be found as follow;

1

Ff/4F, Ap = — N
. (2K, Th)

(6)

3. ANEW PLL CONFIGURATION

When we combined the dual-loop VCO with the main loop
which composed of a PFD,, LPF, compensator and PI-
controller, the new PLL configuration can be achieved as
shown in Fig. 4.

Fig.4 A new PLL system with controllable output phase and
lock-up time.

In Fig.4 shows the new PLL system with controllable output
phase and lock-up time. The main loop is the heart of this PLL
system, it has a two input signal, one is the reference
frequency (F) input to be used for setup the output frequency
of the VCO. This input has the high noise immunity resulting
from limited bandwidth of a low pass filter (LPF,) to the
external noise coupling at high frequency. The another input
signal of this PLL system is the control input represented by a
voltage signal in order to control the phase of the VCO output
independently from the frequency output as well as reduction
of the lock-up time of the system response.

From Fig.4 can be simplified as shown in Fig.5, the PI-
controller of this loop can be designed based on Fig.5.
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Fig.5 Shows the transfer function of a new PLL system.

From Fig.4, the inner loop (dual-loop of VCO) can be
reduced to be equal 1/(1+s7,) where 7, = 4T,

From Fig.5, we can find the open-loop transfer function
(£,,(s)) and closed-loop transfer function (F,(s)) as follow;

Ap(l+sT,) 1 GHERy 1
sT,  (1+sT) (+sTy) (1+sT)

n

Foy(s) = (7)

where, we let the time constant T; = Ts,
From Eq. (7), the closed-loop transfer function is found as
follow;

ARKd(l +5T,)
ApK g+ STy (AgKy + 1) ¥ ST, (T, + Ty)+°T, 1.,

Fpp(s) = (®)

Ap(1+5T;,)
Sip

by symmetrical optimum method [8] the parameter of

controller can be found as follow;

From Eq. (8), the Pl-controller can be designed

Ty
(2K,T.)

T
Ty +31,

()

and T, = 4T,

The Pl-controller of the main loop is designed for the
optimum loop response as well as minimizing the lock-up time.

4. EXPERIMENTAL RESULTS

To wverify this concept, we implement the dual-loop
feedback configuration of VCO and the new PLL system with
respect to Fig.1 and Fig.4 respectively

4.1 The dual-loop VCO characteristics

The on-chip VCO is MC14046B having the maximum
frequency output 600KHz with Vpp 8 volt. The feedback
path composed of PLL for providing a voltage output of LPF1
that is proportional to the input frequency and a compensator.

The controller is designed for closed-loop VCO according
to the symmetrical optimum. The linearity of conventional
VCO is greatly improved by dual loop VCO as shown in Fig.
6

The transient response measurement of dual-loop VCO is
setup with respect to Fig.l. This measurement the output of
compensator is the voltage signal (Vf) then it is convenient to
be measured by digital storage oscilloscope as the output
response of dual-loop VCO. The Vin is the input command
and the Vd is represented as the output of dual-loop VCO
which used for measurement the step response due to d.c./a.c.
signal or noise coupling at Vd input.
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Fig. 6 Shows the linearity of conventional VCO is greatly
improved by dual-loop VCO.

Fig.7 shows the output response of dual-loop VCO to the
step d.c. signal coupling (Vd). The dual loop VCO has the
ability to suppress the d.c. signal coupling.

2003/08/08 24653 C—— NORMSKB/s  ++10ms/div

Stopped

cHzwzv T
DG 11 i

Conventional VCO

Dual-loop VCO

. VCO noise

Fig. 7 Shows the output response to step d.c.
signal coupling (Vd).

Fig. 8 shows output response to step a.c. signal coupling
(Vd). The dual-loop VCO also has the ability to suppress the
a.c. signal coupling at the frequency more than 1 MHz.
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Fig. 8 Shows the output response to step a.c.
signal coupling (Vd).
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From Fig. 7 and 8, the dual-loop VCO has ability to
suppress VCO noise better than conventional VCO. The
frequency stability of dual-loop VCO measurement can be
conducted by measuring the output frequency (Fo) of VCO
which affected by the variation of the amplitude and frequency
of the d.c/a.c. signal coupling and the variation of d.c. power
supply. We set input of dual loop VCO to keep its output
frequency constants at 300KHz. The measured data’s can be
plotted as the graphs shows in Fig.9 , Fig.10 and Fig.11
respectively.
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Fig. 9 Shows frequency stability against VCO noise
(d.c.signal coupling).
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Fig. 10 Shows frequency stability against VCO noise
(a.c. signal coupling).
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Fig. 11 Shows frequency stability against power
supply variation.

4.2 The new PLL system

The new PLL system with controllable output phase and
lock-up time is independent from output frequency which
composes of the dual-loop VCO, PFD2, LPF2, compensator
and PI controller as shown in Fig.4. The transient response
measurement of the new PLL system is setup with respect to
Fig.4. This measurement the output of Pl-controller at the
main loop is the voltage signal (Vc). The Vref is the control
input used to control the phase of the frequency output and the
lock-up time of the system response. The Pl-controller of the
main loop is designed by mean of the symmetrical optimum.
Fig.12 show the transient response of the new PLL system to
the step input frequency (Fref) when adjusting the control
input (vref) equal to 1.5, 2, 2.5, 3 and 3.5 volt for reduce the
lock-up times equal to 19, 9, 6, 4 and 3ms respectively. The
new PLL system has the capacity to reduce the lock-up time.

2000/08/06 8Z5TA L — NORMIKA /s Hams/dv

Stepped

%

Fig. 12 Shows the lock-up times of the new PLL system with
variable control signal (Vref).

Fig. 13 shows the output frequency of the new PLL system
to keep its output frequency constants at 200KHz when
adjusting the Vref equal to 7, 8 and 9 volt for change the
output phase equal to 0° 90° and 180° degree difference
respectively.
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a. output phase equal to 0° degree difference.
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Fig. 13 Shows the output phase control of
the new PLL system.

5. Conclusion

The new PLL system is realized by combining the dual-
loop VCO as the minor loop with the main loop consisted of
PFD, LPF , compensator and PI-controller. The minor loop is
the dual control loop of VCO acted as the VCO regulation
system which has PI-controller and the feedback part to be a
PLL. The purpose of minor loop can improve the performance

of VCO such

that linearity, frequency stability due to effected

of VCO noise disturbances and the power supply variation.
The main loop is the heart of new PLL system, it has a two

inputs signal,

one is used to setup the output frequency of

system and another one is the control input using to control
output phase independently from the output frequency. To
minimize the lockup-time can also be controlled
independently by the same input, Vref. The validness of this
PLL system was confirmed by experimental results.

REFERENCE

[11 R.R.cordell and W.G. Garrett, *’A highly stable VCO for
application in monolithic phase locked loops,” IEEE J.
Solid-State Circuit; Vol. SC-10, pp. 480-485. Dec. 1975,

(2]

[3]

[4]

[3]
[6]

(7]

(8]

1840

B.Gilbert, "A versatile voltage to frequency converter”
IEEE J. Solid-State Circuit, Vol. SC-11, pp.852-864, Dec.
1976.
JF. Kukielda and R.G. Meyer, "A high frequency
temperature-stable monolithic VCO™ IEEE J. Solid-State
Circuit, Vol. SC-16, pp. 1214-1219, Dec. 1981.

T.P. Liu and R.G. Mayer, “A 250MHz Monolithic
Voltage Controlled Oscillator with Low Temparature
Coefficient” IEEE J. Solid-State Circuit, Vol. 25. pp.
555-561. April. 1990.

D. Wolaver, Phase-Locked Loop Circuit Design, Prentice
Hall, 1991.
Amr N. Hafez and M. L. Elmasry, “Fully Integrated Low
Phase-Noise PLLs Using Closed-Loop Voltage-to-
Frequency Converter Architectures, “ Custom Integrated
Circuits, Proceedings of the 1EEE, pp.653-565, 16-19
May 1999.

V. Vibunjarone and Y. Prempraneerach, “ Improved
Noise Reduction and Frequency Stability of VCO with
External Feedback Loop” International Symposium on
Nonlinear Theory and its Applications, Xi’an, China,
PRC, pp. 743-746, October 7-11, 2002.

Siemens Aktiengesellschaft, “ Introduction to Electronic
Control Engineering “, Second Wiley Easter Reprint, pp.
337-348, 1992.



-

o foPmaion Thory and s Applatios

5

International Sympasium on Nolingar Theory and Its Applications
] & "‘i,y;f’?-:i J ﬂ”‘ - h -




124

International Symposium on Nonlinear Theory and its Applications

Xi'an, PRC, October 7-11, 2002

Improved Noise Reduction and Frequency Stability of VCO with External
Feedback Loop

V. Vibunjarone and Y. Prempraneerach

Faculty of engineering and Research Center for Communication and Information Technology, King Mongkut’s Institute of
Technology, Ladkrabang, Bangkok, Thailand. 10520.

Abstract:

The integated circuit VCO is combined with PI
controller and F toV converter as the feedback part to be
acolsed - loop VCO circuit (CLVCQ). This colsed - loop
circuit can achieved both wide bandwidth for good
frequency stability of VCO as well as good noise rejection.
The experimental results show that CLVCO is independent
of power supply variation, and the performance of VCO is
greatly improved. The controller design for optimum
output response and minimizes the effected of VCO noise
is also discussed.

1. Introduction

Voltage controlled oscillators (VCQ’s) are widely uesd
in such application as phase - locked loops (PLL) ,
frequency synthesizers, FM modulators, clock  recovery
and many others. Most of the research works of VCO is
the attempt to improve the temparature stability of the
VCO’s frequency at high frequencies [1] - [4]. The VCO
phase noise in the PLL is not attenuated by the loop in the
range of interest [5]. Thus it is usually necessary to resort
to an off chip, high Q VCO. The other important
performance of the VCO is the frequency stability and the
VCO noise due to the voltage drift effected by the d.c. or
a.c. noise coupling at the input of VCO.

This paper presents the closed-loop VCO (CLVCO)
with a frequency -to - voltage (FVC) as the feedback
element [6]. The PI - controller is designed for CLVCO
by mean of the symmetrical optimum [7] in order to
minimized the affect of d.c. and a.c. disturbances and to
get the optimum output response. Thus we can use a low
performance on - chip VCO, while the frequency stability
and the VCO noise suppression are greatly improved. The
experimental results confirm the validity of the proposed
strategy.

2. Closed- Loop VCO Configuration

The proposed closed - loop VCO circuit is shown in
Fig. 1. An ordinary VCO is configured in a feedback
loop. The output of the VCO is first devided down to an
intermediate frequency where a frequency - to - voltage
converter (FVC) could be easily designed. The FVC then
produces a voltage output that is proportional to the input

frequency. This output is subtracted from a reference
voltage and the error signal is subjected to the PI -
controller which is designed for CLVCO by mean of the
symmetrical optimum to minimizes the affect of d.c. and
a.c. disturbances and to get the optimum output response.

Vb
+l\
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Controler| /
Vo
Feed back FN
gan [ G o] IN

Fig.l1 Closed - loop VCO configuration.
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Converter

Fig. 2 Block diagram of the closed - loop VCO.

The controller Fr (s) has a pole at d.c. (integrator), then
the steady state error signal will be zero and the output of
the F/V will be equal to the input reference. The output
frequency will thus be equal to

LoV, M

Where K is the gain of the FVC in V/H,.

Fig. 2 shows the block diagram of the closed-loop VCO
with the nature of the signal shown at each point. The
FVC is modeled by first - order delay with it’s gain Kg,
From Fig. 2 we can find the open - loop transfer function
as follow;
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F()(S) = A,r( (IJrSTn) Y ST K,l.' (2)

s 1+sT, [1+sT,

The PI - controller is in the form of proportional gain,
phase advance term and the integral element ;
Ag (1+sT,)/ sT,

Where Apg is the proportional gain.
T, istheintegral time constant.
T, isthetime delay of VCO.
T, isthetime delay of FVC.
Ky is the gain constant of VCO,and
Kg is the gain constant of FVC.

If a system to be controlled includes T; >4 T,, the
controller for the system should be designed in accordance
with the symmetrical optimum. Hence the optimization
formula for the proportional gain and the integral time
constant are as follow.

T, = 4T.K; 3)
Ag = T, I Ky 4
2KpKy T,
Where K, :1+T22 and K; = K,
Ty (H'Le)j
T,

3. Experimental Results

We implement the closed-loop VCO with respect to
Fig. 1. The on-chip VCO is MC14046B  having the
maximum frequency output 1.9 MHz with Vop = 15
volt. The feedback path composed of FVC used with
integrate circuit of LM 331 and the frequency devider
(1/N) is equal to 1/60 , and feedback gain is 4.5. The
controller is designed for CLVCO according to the
symmetrical optimum approach and based on the delay
time of the VCO (Te = 20ms) and the delay time of
FVC (T1 = 100ms).

3.1 Transient Response of CLVCO

The transient response measurement of CLVCO is
setup with respect to Fig. 2. This measurement the output
of FVC is the voltage signal (Vo) then it is convenient to
be measured by digital storage oscilloscope as the output
response of the CLVCO. The Vi is the input command
and the Vb is the second input which used for
measurement the output response due to d.c./a.c. signal or
noise coupling at this input.

3.1.1 Output Response to Step Input

Fig.3 shows the output response of CLVCO to the
step input command comparing with opened - loop
response. According well - designed of controller shows a
rapid response to change in input control voltage with fast
rise time and no overshoot. The CLVCO has more wide
bandwidth than the opened — loop VCO is, of course, it’s
ability to follow changes in Vi and reflect these changes
accurately in the way that Fo changes.
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Fig. 3 Output response of CLVCO to the step input
comparing with opened-loop response.

3.1.2  Qutput Response to Step D.C. Signal Coupling

Fig. 4 shows the output response of CLVCO to the
step d.c. signal coupling (Vb) . The CLVCO has the
ability to suppress the d.c. signal coupling.

setve.
(200ema /o).

2001/12/13 130825
apped.

Fig. 4 Output response of CLVCO to the step d.c. signal
coupling (Vb).

3.1.3 Output Response to Step A.C. Signal Coupling

Fig. 5 shows output response to step a.c. signal
coupling (Vb) . The CLVCO also has the ability to
suppress the a.c. signal coupling at the frequency more
than 2 MHz.
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Fig. 5 Output response to step a.c. signal coupling (Vb).

Fig. 7 Output response to step noise coupling (Vb).

Fig. 6 shows the ability of CLVCO to suppress the

high frequency more than 2 MHz. of a.c.
coupling.

Stepped

(s rore)

(@) Vb =2 MHz

NORM100MA/3  Zus/div
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(b) Vb = 500 KHz

Fig. 6 Output frequency (Fo) of VCO

can

signal The ability of CLVCO to suppress the VCO noise

coupling is shown in Fig. 8.
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(a) Opened-loop VCO
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(b) Closed- loop VCO

suppress the high frequency a.c. signal coupling, (a)no Fig. 8 Output frequency (Fo) of VCO when

phase jitter, (b) occuring phase jitter.

3.1.4 Output Response to Step Noise Coupling

injected the VCO noise, (a) opened - loop VCO , (b)
closed - loop VCO.

3.2 Frequency Stability of CLVCO

Fig. 7 shows the output response of CLVCO to step
noise coupling (Vb). The CLVCO also has the ability to The frequency stability of CLVCO measurement can

suppress the VCO noise coupling.

be conducted by measuring the output frequency (Fo) of
VCO which affected by the variation of the amplitude
and frequency of the d.c./a.c. signal and the VCO noise
coupling and the variation of d.c. power supply. The
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measured datas can be ploted as the graphs shown in
Fig. 9, Fig. 10, Fig. 11 and Fig. 12 respectively.
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—a— Fo3 openadloop at frequency 446 4KHz
—e— Fo4 closed loop for all frequency ranga

Fig. 9 Frequency deviation due to d.c. signal coupling.
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Fig.10 Frequency deviation due to high frequency a.c.
signal coupling.
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Fig.11 Frequency deviation due to VCO noise coupling.
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Fig.12 Frequency deviation due to d.c. power supply
variation.

4. Conclusion

The on -chip VCO with external feedback
loop shows that well design of controller achieves both a
large bandwidth for good frequency stability of VCO as
well as good noise rejection. The measured experimental
results from the CLVCO shown a fast output response is
the performance of wide operation bandwidth, good
frequency stability, effectively noise suppression and
insensitivity to power supply variations.
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